An era of expanding deep-ocean industrialization is before us,with policy makers establishing governance frameworks for sustainable management of deep-sea resources whiles cientists learn more about the ecological structure and functioning of the largest biome on the planet. Missing from discussion of the stewardship of the deep ocean is ecological restoration. If existing activities in the deep sea continue or are expanded and new deep-ocean industries are developed, there is need to consider what is required to minimize or repair resulting damages to the deep-sea environment. In addition, thought should be given as to how any past damage can be rectified. This paper develops the discourse on deep-sea restoration and offers guidance on planning and implementing ecological restoration projects for deep-sea ecosystems that are already, or are at threat of becoming, degraded, damaged or destroyed. Two deep-sea restoration case studies or scenarios ared escribed (deep-sea stony corals on the Darwin Mounds of fthe west coast of Scotland, deepsea hydrothermal vents in Manus Basin, Papua New Guinea) and are contrasted with on-going saltmarsh restoration in San Francisco Bay. For these case studies, a set of socio-economic, ecological, and technological decision parameters that might favor (or not) their restoration are examined. Costs for hypothetical restoration scenarios in the deep sea are estimated and first indications suggest they may be two to three orders of magnitude greater per hectare than costs for restoration efforts in shallow-water marine systems.
Introduction 75
The deep-sea-defined here as ocean beyond the shelf break and depths greater than 200 m-is 76 waste absorption and detoxification; CO 2 capture and storage; the passage of trans-ocean 166 communication cables; and cultural services such as education and scientific research. 167
168
Stakeholders with an interest in the deep sea include members of industry, science, 169 intergovernmental panels, NGOs, citizens, etc. These stakeholder groups will likely evolve and 170 expand as human activities increase in the deep sea. The degree of interest and participation in 171 deep-sea restoration will depend upon demand for it by stakeholders and other mechanisms that 172 promote it, e.g., national and international governance frameworks, corporate responsibility, etc. 173
Given that restoration costs in the deep sea will be high (likely orders of magnitude higher) 174 relative to those on land or in shallow water, due to the remote and technically challenging 175 aspects of deep-sea manipulations, multi-stakeholder engagement and partnerships could be 176 effective means to share costs and ideas and to maximize benefits of restoration actions. 177 178
Principles and Attributes of Ecological Restoration 179
In the last decade, guidance has been created to improve the application of ecological restoration 180 through the development of principles and attributes to help direct conceptualization, planning, 181 and implementation of restoration projects. This guidance has been set out in a Primer on 182
Ecological Restoration published by the Society for Ecological Restoration (SER 2004) and 183
follow-on articles (e.g., Clewell & Aronson 2013) for terrestrial and shallow-water restoration. 184
Here we provide an overview of how these restoration guidelines could be adapted to the specific 185 conditions of the deep sea. A more detailed accounting and discussion of applying ecological 186 restoration principles and attributes to the deep sea may be found in Supplementary Materials 187 (Tables S1 and S2) . but a number of factors make it challenging to recognize indigenous versus non-indigenous 210 species or taxa: ranges of species and subspecies are often poorly known because pre-disturbance 211 baselines (including successional sequences following natural disturbance) do not exist for most 212 deep-sea ecosystems, taxonomic diversity is very high, and most species have very low 213 abundance in most of the deep sea (e.g., Grassle & Maciolek 1992). It may be more practical in 214 most deep-sea systems to compare indigenous functional groups (e.g., suspension feeders, 215 deposit feeders, size groups, etc.), rather than attempt to census all indigenous species and taxa. 216
Functional groups can be assessed in terms of community structure, biophysical attributes, 217 energy flows and trophic webs, among other things, but the use of functional groups can result in 218 an over simplification of the present assemblage structure and diversity (Danovaro et al. 2008) . 219
220
Attributes of restored ecosystems also include "connectivity" attributes that describe their 221 relationship to the rest of the world. These include their integration into a larger landscape, their 222 protection from external threats, and the existence of governance in support of restoration. 223
Although all ecosystems are three-dimensional in space, this particular attribute is especially 224 important for the ocean and linkages among its ecosystems. Many fish and invertebrates move 225 freely (actively or passively) in both horizontal and vertical dimensions, during some or all life-226 history stages. Taxa endemic to some deep-sea ecosystems (e.g., vents, seeps, seamounts) have 227 patchy distributions and populations (or meta-populations) that may be connected and 228 interdependent among sites at spatial scales relevant to maintenance of populations and gene 229 flow. There are thus spatial and temporal dynamics, often on relatively large scales, that make it 230 challenging to understand how well a particular restoration effort fits into a larger landscape. 231
Similarly, there are external threats to the health and integrity of restored deep-sea ecosystems 232 (e.g., global changes in ocean circulation resulting from a warming climate) that may not be 233 possible to avoid or minimize through restoration efforts, because of the physico-chemicalconnectivity of deep-sea ecosystems resulting from ocean circulation. Because these ecosystems 235 may be inter-connected with other ecosystems (Bors et al. 2012), we may consistently 236 underestimate the entire suite of extended benefits that results from restoration (or that are lost 237 due to damage). Further, governance of deep-sea ecosystems is an emergent property at both 238 national and international levels. These points should not preclude consideration of deep-sea 239 restoration efforts, but they do highlight some of the challenges that restoration practitioners 240 working in the deep sea will need to resolve. 241 242
Should We Restore Deep-Sea Ecosystems? 243
A key challenge to promoting ecological restoration is to clarify and prioritize restoration 244 opportunities. The basic decision parameters that determine whether or not to restore fall into at 245 least three broad categories of decision parameters: anthropocentric, eco-centric, and 246 technological, within which there are multiple subcategories (Table 1) . Anthropocentric factors 247 reflect aspects of restoration that are likely to benefit people, impose costs on them, or are 248 otherwise influenced by societal factors. Eco-centric factors reflect the ecological contribution 249 of the proposed restoration activities. Technical factors deal with the real world difficulties of 250 conducting restoration and the ultimate likelihood that restoration efforts will be successful. 251
Specific factors and considerations that influence the decision to restore or not to restore 252 ultimately lie with the stakeholders involved. 253 254
The Sète Workshop: Case Studies and Decision Parameters 255
The authors of this paper-whose expertise spans deep-sea ecology, ecological restoration and 256 restoration practice, economics, ocean governance and policy, environmental managementrelated to marine mineral extraction, and human ecology-convened in Sète France (November 258 2012) and, in this workshop, we considered how the decision parameters in Table 1 would apply  259 to three specific case studies. As a comparison for deep-sea restoration, we chose one non-deep-260 sea case study, namely on-going restoration of 160 ha of saltmarsh in San Francisco South Bay 261 that had been lost through coastal development. We also selected two different deep-sea habitats 262 as hypothetical cases for restoration. One is an area of patchy stony coral habitat of the Darwin 263
Mounds (UK) that has been damaged by bottom trawling. The other is a hydrothermal vent site 264
in Papua New Guinea that may be damaged by extraction of seafloor massive sulfide deposits 265 (see Box 1 for brief descriptions of each site). One or more of the authors has direct knowledge 266 of each case study site. 267
268
For San Francisco Bay saltmarsh restoration, all of the anthropocentric, eco-centric, and 269 technological decision parameters listed in Table 1 
278
The remoteness of the deep sea and the general lack of awareness on the part of the public about 279 the deep sea suggest that an anthropocentric case for restoration may not be as easy to make fordeep-sea restoration as for coastal restoration (Table 1) . Within the deep sea, the link between 281 anthropocentric pressures to restore (e.g., benefits from restored goods and services, regulatory 282 requirements, societal pressure) depends on the circumstance. protected from further impact, these coral systems are likely to persist and deliver natural goods 311 and services for a very long time. Hydrothermal vents in general may be considered relatively 312 unusual habitats, but at least in some cases, they are also considered to have a high likelihood of 313 unassisted recovery and furthermore, are likely to undergo natural catastrophic destruction 314 through tectonic or volcanic activity, meaning vent taxa are likely to have adapted strategies to 315 cope with disturbance. Because the ecological benefits of restoration in the deep sea are 316 unknown, a prudent approach might be to undertake targeted restoration and monitor its impacts 317 to get a better understanding of the full benefits of doing so. 318
319
Restoration practices for San Francisco Bay marshes are technologically better understood than 320 those of any deep-sea environment, though success of restoration efforts even in a coastal system 321 is varied and the San Francisco Bay salt-marsh restoration project is a work in progress 322 (Callaway et al. 2011). Deep-sea ecosystems may be some of the most technologically difficult 323 ecosystems to restore. However, our developing capacity to undertake complex and costly 324 industrial activities in the deep sea indicates that ecological restoration there is becoming more 325 technologically feasible. Notwithstanding, for Darwin Mounds and Solwara 1, our ability toimplement a restoration project with even modest goals is unknown. At the outset, restoration 327 efforts might be more in the realm of a scientific and technological experiment and learning, than 328 actual restoration practice that could be scrutinized as rigorously as a land-based restoration 329 project or program. In these cases, opportunity for technological and scientific advancement 330 may be one of the strongest decision parameters favoring investment in restoration efforts. 331
332
The decision parameters listed in Table 1 reveal the complexity of decision making when 333 contemplating whether or not to restore areas of the deep sea. Some opportunities will likely be 334 considerably costlier than others. Deep-sea restoration investments will likely be made 335 preferentially for those opportunities where the benefits are greater than the costs-whether 336 those benefits come from recovery of ecosystem services, corporate culture, or restoration of 337 habitats of particular scientific, cultural, and, in effect, biophilic value (Kellert 2012). As noted, 338 restoration may also be undertaken simply to improve our knowledge of potential restoration 339 methods. Not all deep-sea restoration opportunities will generate large ecological or human 340 benefits in the short-term. would be attached to substrata using inserts at 15-cm spacing. Coral fragments would be 374 harvested sustainably by collecting short fragments of coral tips. These fragments would be 375 propagated in the laboratory, attached to anchor substrata, positioned on the seafloor, and 376 monitored for coral growth and biodiversity of associated fauna. Three adjacent coral rubble 377 patches would serve as reference areas. Measures of success would include demonstration that 378 transplanted corals grow and propagate through sexual and asexual reproduction and an increase 379 in associated biodiversity. 380
381
Costs for this hypothetical restoration effort (Table 2a) 
unpublished). 428
The lower cost range includes breaching existing levees, allowing natural sediment transport and 429 erosion processes to self-form tidal flat elevations and channels, and natural colonization of 430 vegetation species. In addition to breaching existing levees, the higher cost range includes 431 actively filling, grading and excavating tidal channels within the site to achieve a predetermined 432 marsh morphology, and actively planting the marsh to achieve predetermined vegetation 433 communities. The median cost for 11 case studies of shallow-water coral reef rehabilitation was 434 just under $500,000 ha 
IS RESTORATION FAVORED? Marsh Coral Vent Anthropocentric Decision Parameters Ecosystem Benefits (likelihood)
+ + ? How large and lasting are the human benefits of the restoration effort, including ecosystem goods provided by deep-sea ecosystems? Are these systems of biophilic importance? Because restoration is an inherently human-driven activity, society is more likely to favor restoration when people feel they benefit from restoration, directly or indirectly. Governance + ~ ~ Is there an effective civil governance structure that supports or requires restoration? In some cases, laws or contracts may dictate that restoration is a pre-requisite for current or planned activities that may damage the sea floor. In other cases, laws and international treaties and conventions may simply encourage restoration or provide a legal context to increase the likelihood that an area will be restored. Cost ~ --What is the cost of restoration? Like any environmental management or intervention decision, it is important that scarce resources be spent wisely. All things being equal, higher costs will make restoration more unlikely. Societal Pressure + ~ ? Are there societal pressures to restore? Societal pressure alone may make restoration more likely. Societal pressures include pressure from NGOs, stakeholders, the public, and even corporate culture that seeks to minimize environmental impacts of industrial activities. Financial Incentives + --Are there financial or other incentives/rewards that might encourage restoration? Are there payments or rewards available for the ecosystem services restored or the biodiversity maintained through restoration, whether direct, or indirect (e.g., eco-certification)? Are there penalties for failure to restore, e.g., fines, or customer dissatisfaction?
Wider Socio-Economic Impacts + --Does the restoration activity itself have wider socio-economic impacts beyond the benefits of a restored ecosystem (e.g., job creation and alleviation of poverty)? Eco-centric Decision Parameters Ecological Vulnerability + + ~ Is the ecosystem an Ecologically and Biologically Significant Area (EBSA), for example? EBSAs are marine areas in need of special protection in open-ocean waters on the seabed and are defined by seven criteria adopted by the Conference of the Parties to the CBD (CBD COP 9): Uniqueness or rarity; special importance for life history of species; importance for threatened, endangered or declining species and/or habitats; vulnerability, fragility, sensitivity, slow recovery; biological productivity; biological diversity; naturalness.
Wider Ecological Benefit (likelihood)
+ + ? Does restoration of the ecosystem have a wider ecological benefit? Is the area to be restored a key sources of propagules? Would restoration reintroduce or reinforce populations of critical species? Natural Recovery + ? -Is there a high likelihood of natural recovery even in the absence of restoration? Such recovery could be due to the fact that the ecosystem is one already adapted to frequent natural disturbances or is downstream of "sources" of colonizers. Restoration may be less likely to occur if the chance of unassisted recovery is high. Large Relative Ecological Impact + + ~ Is the impact of the restoration, whether measured in area or another ecological metric, large relative to the whole ecosystem or populations within the ecosystem? Will this restoration activity help to restore a substantial amount of habitat or other measure of the degraded ecosystem? Will it have beneficial impacts on other ecosystems with which it interacts? Restoration with a larger 'ecological footprint' may be more likely for some deep-sea ecosystems.
Technological Decision Parameters Success (likelihood)
+ ~ ~ Are the proposed restoration strategies likely to be successful? Restoration success is influenced by factors that could reduce likelihood (e.g., natural catastrophic disturbances, lack of knowledge, human factors) and those that could improve likelihood (e.g., resilience and known capacity for unassisted recovery). Where likelihood of success is low, restoration may be less likely, unless undertaken for research and development purposes.
Technically Feasible (likelihood)
+ ~ ? Is the restoration activity, including monitoring and adaptive management, technically difficult? This decision parameter highlights the logistical and technical difficulty of carrying out restoration activities and is closely related to "cost of restoration" and "likelihood of success". Technological Advancement (likelihood) ~ + + Does the restoration activity increase our technical knowledge and capacity for future restoration? Because we have limited experience restoring many types of ecosystems, restoration activities in the present could provide technical, scientific, and financial lessons that will benefit restoration in the future. Some restoration efforts may be undertaken primarily for the sake of improving knowledge and knowhow that could permit scaling up in a cost-effective fashion. 702 Table 2 . Hypothetical project costs for 5-yr deep-sea restoration efforts at Darwin Mounds and Solwara 1. A project manager is employed for 1 month per year for five years; a lab technician is employed in year 1 to construct edifices and engage in daily needs for mission planning and data analysis. Salaries include fringe benefits. Supplies for construction of edifices are budgeted, with additional funds budgeted for miscellaneous laboratory and shipboard expenses. A ship and a remotely operated vehicle (ROV) are required to deploy edifices and then to transplant organisms and deploy imaging systems; additional cruises are required to maintain imaging systems (ROV) and survey with an autonomous underwater vehicle (AUV).
BOX 1 703
San
Francisco Bay Salt Pond and Wetlands Restoration 704
By the 1960s, more than 70% of the tidal wetlands of San Francisco Bay had been destroyed due 705 to diking and filling for agriculture, hunting, salt pond construction, and urban and industrial 706 development (Callaway et al. 2011) . The lost wetlands included a combination of tidal salt, 707 brackish, and freshwater marshes. Associated with loss of wetlands and with coastal 708 development were loss of biodiversity, water quality, fisheries, shoreline protection, bird habitat, 709 recreational opportunities and other ecosystem goods and services (e.g., Lotze et al. 2006) . Landscape perspectives in the deep sea can be locally obtained through seabed mapping with high resolution. For example, a 500 m x 500 m box of flat bottom can be mapped with highresolution (10-cm) multi-beam sonar and photodocumented within a 24-h seabed mission by an autonomous underwater vehicle. Ensuring that flows, interactions, and exchanges with contiguous or inter-connected ecosystems occur requires an understanding of local and regional hydrodynamics and interactions and exchanges as well as seabed characteristics. Direct measurements of currents are possible. Multidimensional ocean circulation models can be developed from ground-truthed physical properties (temperature, density) of seawater, and from these predictive modeling of larval dispersal is possible. Some of these flows, interactions, and exchanges can also be estimated indirectly, using, for example, molecular tools to estimate gene flow and directionality of exchange or isotopic markers to estimate export of chemosynthetic carbon to the surrounding benthic and pelagic ecosystems. 4
Ecological restoration is undertaken within the context of a network of ecosystems; ecosystems are part of a bioregion (Clewell & Aronson, 2013) .
For some patchy ecosystems in the deep sea, such as hydrothermal vents and cold seeps, the understanding of how networks of these ecosystems interact within a bioregion is a fledgling science; for apparently vast ecosystems, such as abyssal plains and manganese nodule beds, the spatial scale of ecosystem networks and characteristics of their ecological and genetic connectivity are even less well understood. Interactions between seabed and water column ecosystems are tied through bentho-pelagic food webs and through dependence of most benthic species on a pelagic life history phase lasting weeks to months or more. 5
Ecological restoration should be informed by a reference system that serves as a model for planning and for evaluation of the restoration project; a reference system may be a specified site, a written description, or a combination of both. No restored ecosystem can ever be identical to a single reference (SER 2004 Finding an appropriate reference system may not be possible for some deep-sea ecosystems.
2 Restored ecosystems consist of indigenous species to the greatest practicable extent (SER 2004).
Neither exhaustive samplings of species, nor pre-disturbance baselines (including successional sequences following natural disturbance) exist for most deep-sea ecosystems, making it challenging to recognize indigenous versus nonindigenous species at present. 3 All functional groups necessary for the continued development and/or stability of the restored ecosystem are represented or, if they are not, the missing groups have the potential to colonize by natural means (SER 2004).
Functional groups may be difficult to determine in the deep sea; they are often defined for convenience by size groups and by inference. Potential for functional groups to colonize is also largely unknown, although can be estimated for some species. 4 Restored ecosystems apparently functions normally for its ecological stage of development, and signs of dysfunction are absent (SER 2004).
Some functions are relatively well understood (e.g., respiration in sediments, organic carbon flux from the photic zone), whereas what constitutes "normal" function is not well known for most ecosystems; some estimates of function may be measured through proxy indicators (e.g., relative biomass pre-and post-disturbance). 5 Restored ecosystems exhibit 3-D structure, function, dynamics (this paper). For some ecosystems (e.g., sediments) niches are not well understood at the species level, but may be possible to infer at the level of functional groups. Connectivity Attributes (relationship to the rest of the world) 11 Restored ecosystems are integrated into a larger ecological matrix or landscape, with which it interacts through abiotic and biotic flows and exchanges (SER 2004).
Seascape structure and dynamics are not well understood for most deep-sea ecosystems; connectivity between and among ecosystems is likely to be as important as or even more important than in many terrestrial ecosystems due to the multi-dimensional nature of the environment and ocean circulation. Some ecosystems (vents and seeps) have a patchy distribution and while they seem connected locally and regionally, there are biogeographic filters and barriers that may vary among taxa. 12 Potential threats from the surrounding landscape to the health and integrity of the restored ecosystems have been eliminated or reduced as much as possible (SER 2004) .
May be more difficult to achieve in some ecosystems due to the inferred great connectivity of deep-sea ecosystems by virtue of ocean circulation. 13 National and international governance must support ecological restoration (this paper).
Governance is limited or underdeveloped regarding deep-sea conservation issues, and non-existent for deep-sea restoration.
There is great likelihood of a need for trans-boundary jurisdictional regulations. 
